Measures of stratigraphic fit to phylogeny are analyzed to test how they are affected by the shape and size of the phylogenetic trees and by the number of stratigraphic intervals encompassed. Monte Carlo randomizations are used to investigate the sensitivity of three commonly used measures (SCI, GER and MSM*) approximating their distribution of possible values under certain conditions. All are shown to vary in different ways as parameters are varied, although MSM* seems to be the most invariant in the analyzed parameter space. These results suggest that the raw metrics should not be used for comparing the fit of different taxonomic groups or competing phylogenetic trees of the same group that differ in tree size or balance. Tree balance also affects the distributions used in significance tests based on randomization and therefore their results should not be interpreted in terms of the amount of conflict implied by a phylogenetic tree.
Introduction
Phylogenetic trees that contain fossil taxa possess two distinct sources of information on the timing of their evolutionary history. A given phylogenetic tree implies a certain temporal order of the successive branching events. Fossil terminal taxa, instead, provide temporal information based on chronostratigraphy. If these two sources of temporal information are known independently, they can be compared in order to measure their congruence. Several measures have been proposed, attempting to describe the agreement between chronostratigraphy and phylogenetic trees (Norell and Novacek, 1992; Huelsenbeck, 1994; Benton and Hitchin, 1996; Siddall, 1998; Wills, 1999; Pol and Norell, 2001 ). These measures have been used for two main purposes, a comparison of the congruence between phylogeny and stratigraphy in several taxonomic groups (e.g. Benton and Hitchin, 1996; Benton et al., 1999 Benton et al., , 2000 , and a comparison of stratigraphic congruence in competing phylogenetic trees. The latter use was regarded either as a descriptive statistic (e.g. Brochu and Norell, 2000) or as an auxiliary optimality criterion for selecting the preferred phylogenetic hypothesis (e.g. Huelsenbeck, 1994) .
In order to evaluate how to measure the fit of stratigraphy to a phylogenetic tree we must first determine what is being measured and what are the properties of different measures. We will only briefly consider the first of these, because it has been the main focus of prior work (Hitchin and Benton, 1997a,b; Siddall, 1998; Wagner and Sidor, 2000; Pol and Norell, 2001 ). The second aspect, concerning the properties and biases of measures, is particularly relevant for inferring the suitability of these measures for different purposes. This aspect has only been briefly discussed in the literature (Siddall, 1996 (Siddall, , 1997 Hitchin and Benton, 1997a,b; Wills, 1999) and these considerations focused on the influence of tree size and shape and were based on both theoretical approaches and empiric data. However, no broad consensus has emerged (Huelsenbeck, 1994; Hitchin and Benton, 1997a,b; Siddall, 1997 Siddall, , 1998 Pol and Norell, 2001) . Here, the sensitivity of three commonly used measures of phylogenetic-stratigraphic congruence are analyzed through a theoretical approach.
Measures of conflict
Several different measures have been proposed to measure the conflict between the temporal information contained in the fossil record and a phylogenetic tree. Some of them (e.g. SRC, SCI, MSM and GER; Norell and Novacek, 1992; Huelsenbeck, 1994; Siddall, 1998; Wills, 1999) purport to measure how well the first appearances in the fossil record are reflected in the branching order of taxa in the phylogenetic tree. Two of these congruence metrics are based on the measurement of ghost ranges or implied gaps (MSM and GER), while others just measure the number of mismatches between phylogeny and stratigraphy (SRC and SCI). Other metrics based on ghost ranges have been proposed in order to measure the completeness of the fossil record implied by the phylogenetic tree, in terms of how much is inferred to be missing respect to how much is actually represented in the fossil record (Z, RCI and IG; Norell, 1992; Benton and Storrs, 1994; Smith and Littlewood, 1994 4 ). We will focus here on those measures designed for measuring congruence rather than the completeness metrics.
The Spearman Rank Coefficient (SRC; Norell and Novacek, 1992) has been criticized on several grounds and suffers from serious limitations because it is only applicable to fully pectinate trees or to trees reduced to their pectinate components (Norell, 1993) . Therefore, this measure is currently in disuse and it will not be considered in this study. Huelsenbeck (1994) proposed the Stratigraphic Consistency Index (SCI) as a measure of the proportion of stratigraphically consistent nodes:
5 where N is the number of internal nodes (excluding the root) and C the number of stratigraphically consistent nodes (i.e. a node in which the oldest first occurrence above the node is equal or younger than the oldest first occurrence of the sister taxon of that node). SCI was subsequently used for measuring the conflict between stratigraphy and topology in several related studies (Benton and Hitchin, 1996; Benton et al., 1999 Benton et al., , 2000 . Two measures based on the magnitude of ghost lineages (Norell, 1992) were proposed. Siddall (1998) suggested the use of a new measure, the Manhattan Stratigraphic Measure (MSM), which was subsequently modified (MSM*) in order to correct for some undesirable properties observed in some special cases (Pol and Norell, 2001 ). This measure is based on the optimization of an age character using Sankoff parsimony ( 6 Sankoff et al., 1976) . The step matrix of the age character is set up assigning each stratigraphic age of first appearance to a different character state and the cost of transformation between states determined by the absolute temporal difference among the recorded stratigraphic ages. In contrast to the original MSM formulation, MSM* holds transformations between states to be irreversible to an older age (Pol and Norell, 2001) . As a consequence of this modification, the length of the age character on the phylogenetic tree quantifies the sum of ghost lineages. Therefore, the MSM* is calculated in an analogous way as the consistency index of the age character:
where L m is the minimum length (amount of ghost lineages) for the dataset on any possible topology and L 0 7 is the actual length obtained optimizing the age character on the independently derived phylogenetic tree. Wills (1999) proposed another ghost lineage-based measure, the Gap Excess Ratio (GER), formulated originally in the following terms:
where G min is minimum possible sum of ghost ranges for any given distribution of origination dates, G max is the maximum possible sum of ghost ranges for a given distribution of origination dates, and MIG is sum of ghost ranges implied by a phylogeny. Although the GER was not formulated based on the optimization of a Sankoff age character, it can be conveniently formulated in an analogous way as the retention index of the age character for comparisons with the MSM* and for an easy implementation in current software packages:
where L M is the maximum length for the age character on any topology (i.e. the tree length on a completely unresolved topology), L m is the minimum length for the age character on any topology, and L 0 is the actual length obtained optimizing the age character on the independently derived phylogenetic tree. These two measures, the modified MSM (MSM*) and the GER are based on the age character that measures the extent and amount of ghost lineages but, as in the ci and ri of regular characters, these two indices are not mutually exclusive and they inform on two different aspects of the same pattern of incongruence between two sources of hierarchical information (see Farris, 1989) . A simple example can show what is being measured by these two indices. In Fig. 1 , the only conflict in the temporal information of both trees is the same, the presence of a basal taxon that has a late appearance in the fossil record (10 Ma). The only difference between the two trees is the presence of an additional taxon in tree B (that adds no conflict since it is the same age as its sister taxon). The MSM* remains equal in both cases since it measures the raw amount of conflict, which is the same in these two trees (given by the late appearing taxon at age 10). The GER, instead, is higher in the second case since it measures the amount of conflict respect to the maximum possible amount of conflict, which is larger in tree B.
These formulations of MSM* and GER should be used assuming the absence of ancestors among the terminal taxa in the phylogenetic tree. If ancestors are assumed to be present among terminal taxa, these indices are not simply calculated based on ages of first appearance and can yield different results (Norell, 1992 (Norell, , 8 1996 Wagner, 1996; Wills, 1999; Wagner, 2000; Wagner and Sidor, 2000) . Here, the behavior of these metrics is explored assuming the absence of ancestors since they have been calculated in such way in empirical studies (e.g. Benton and Storrs, 1994; Benton and Simms, 1995; Weishampel, 1996; Hitchin, 1996, 1997; Hitchin and Benton, 1997a, b; Benton et al., 1999 Benton et al., , 2000 Norell, 2000, 2001 11,12 11,12 ; O'Leary, 2002) .
Previous approaches

Properties of SCI
Despite its common use, this measure suffers from several flaws and tree shape biases (Siddall, 1996 (Siddall, , 1997 Hitchin and Benton, 1997a,b; Wills, 1999; Wagner and Sidor, 2000) . Siddall (1996) initially criticized the SCI as being biased by tree shape, as evidenced by its sensitivity to tree size. He noted simple cases in which two trees with no conflict in age distribution yielded lower SCI values for balanced trees in comparison to pectinate trees. He also found a positive correlation between SCI and imbalance and a negative correlation between SCI and tree size on a sample of 14 empirical datasets. He inferred that SCI could only be used to compare the stratigraphic fit of trees of equal size and shape. Hitchin and Benton (1997b) did not corroborate these correlations in a compilation of 357 cladograms (except for echinoderms, in which a positive correlation with imbalance was found). Siddall (1997) criticized several aspects of Hitchin and Benton's (1997b) empirical test and explored the distribution of mean SCI values in random assignments of ages in pectinate and balanced trees with different numbers of taxa. The logic behind this procedure was that random assignments of ages would produce meaningless distributions in both balanced and pectinate trees and should therefore lead to equally poor SCI values if this measure is not affected by tree shape. The results of these randomizations suggested a marked sensitivity of the SCI to tree shape irrespective of the number of taxa and number of ages in the analyzed cases. This shape effect (favouring pectinate trees) became more severe as the information content of the trees increased (more taxa or ages). Wills (1999) noted that the possible range of SCI values was constrained by tree balance, tree size, and also by the distribution of stratigraphic ages among terminal taxa. Furthermore, he suggested that SCI values are not strictly comparable either among trees derived from different datasets (due to potential biases in tree shape, tree size and distribution of ages), or for competing phylogenetic trees coming from the same dataset (due to tree shape biases).
Furthermore, Wagner (2000) and Wagner and Sidor (2000) also noted the reasons for the tree shape bias of SCI and pointed out numerous other parameters that affected SCI values in a series of simulations (e.g. sampling intensity, sampling heterogeneity, phylogenetic accuracy, taxonomic practice, cladogenesis models, and speciation and extinction intensities).
In sum, there is no current agreement on the sensitivity of SCI to some parameters such as tree shape and size, while there are indications that a wide range of other relevant parameters can affect SCI. As noted above, statements on SCI performance differ widely, ranging from considering it biased by all possible factors (Wills, 1999) , to considering it unbiased and the best available measure of stratigraphic fit to phylogenetic trees (Hitchin and Benton, 1997b) . Wills (1999) . However, these differ on the presence of an additional taxon (5 Ma) that adds no conflict since it has the same age as its sister group but increases the maximum possible amount of conflict.
Properties of GER and MSM*
previous measures, it controlled for the distribution of temporal range data. Despite this advantage, Wills acknowledged that GER was sensitive to differences in tree balance. Although Wills (1999) devised the GER to improve certain limitations of SCI and other indices, a thorough examination of GER properties is lacking. Furthermore, some known properties of the retention index, such as its sensitivity to the number of autapomorphic states in a character (Naylor and Kraus, 1995) , demands an exploration of this issue on the GER, since it could affect its suitability for comparing data with different age distributions. Siddall (1998) proposed the MSM as a solution to the problems found with other indices. Employing a randomization procedure similar to that employed for the SCI (Siddall, 1997) , he noted that raw MSM values (but not significance) are influenced by tree size but are not influenced by tree shape. Siddall's original measure has been modified in order to avoid spurious performance (Pol and Norell, 2001) , and an examination of the modified MSM (i.e. MSM*) sensitivity to tree shape, size and distribution of ages is needed. Additionally, since both GER and MSM* are claimed to be an improvement over previous measures (Pol and Norell, 2001; Siddall, 1998; Wills, 1999) , it is necessary to thoroughly test these assertions and to evaluate their relative performance over a wide range of conditions.
Sensitivity analysis
The randomization procedure employed by Siddall (1997) provided an interesting theoretical framework within which to simultaneously explore the sensitivity of different measures to several parameters. This procedure was used here in order to obtain an approximation of the distribution of all possible metric values for a given set of conditions. For a given tree shape (and set of fossil taxa with ages of first appearance) there is a finite universe of possible values that a metric can have, that correspond to each of the possible arrangements of taxa across the unlabeled topology. The effects that tree balance or other parameters have in these distributions have been poorly explored at the time of writing and this Monte Carlo randomization procedure is an efficient way of obtaining an approximation of them (since an exact evaluation of all possible arrangements would be extremely time consuming, even for moderate number of taxa).
In addition, this procedure also provides information on how the significance test could be affected by tree shape or other parameters (since the random data permutation procedure is identical and these distributions are used to assess significance).
Previous randomizations conducted by Siddall (1997 Siddall ( , 1998 have proven extremely valuable, although they represent only a small portion of the parameter space. Thus, sensitivity to several parameters remains almost unexplored. Sensitivity of SCI, GER and MSM* to different parameters is analyzed here for a wide range of values. The performance of these indices is evaluated relative to changes in three parameters that can be directly measured in empirical datasets and have been suspected to influence them: tree size, tree shape and number of possible ages of first appearance among terminal taxa.
For the first parameter, three different values have been analyzed: 8, 16 and 32 taxa. These values were chosen because a fully balanced tree can only be obtained with n tax ¼ 2
x (x being any positive integer larger than two). Then, for each of these values, two other parameters (tree shape and number of possible ages) were varied to represent the axes of a bidimensional tree space. Along the asymptote, the shape of the trees was varied, starting with a fully pectinate tree at the bottom, up to a fully balanced tree at the top of the axis (Fig. 2) . Tree shape was ordered according to the Imbalance Index (Heard, 1992 14 ). Along the abscissa, the number of possible ages was increased from two to 35 different ages (Fig. 2) . The ages were randomly assigned to the terminal taxa for each particular combination of tree size, shape and number of possible ages. This procedure was repeated 100-fold for each of the 2500 possible combinations of parameter values (i.e. each point in the three tree spaces).
Finally, the SCI, GER and MSM* values were calculated for each of the 250,000 trees. These measures were calculated using only the age of first appearance (i.e. assuming the absence of ancestors), as is usually done by researchers who previously used these metrics (e.g. Benton and Storrs, 1994; Benton and Simms, 1995; Weishampel, 1996; Hitchin, 1996, 1997; Hitchin and Benton, 1997a, b 15 ; Benton et al., 1999 Benton et al., , 2000 Norell, 2000, 2001; O'Leary, 2002) . If ancestors are identified among the terminal taxa (Wagner, 1995 (Wagner, , 1996 (Wagner, , 1998 (Wagner, , 2000 , some of these metrics would have to be calculated in a different way and they can have different properties and yield different results (Wills, 1999; Wagner and Sidor, 2000) . Therefore, the analyses conducted here are only relevant to the behavior and properties of these metrics when ancestors are assumed to be absent among the terminal taxa (an assumption made in most empirical studies that used these metrics).
The mean value of each metric for the hundred replicates of each point in the tree space was calculated and plotted with colors corresponding to the magnitude of the mean. As previously noted, if a measure is not sensitive to variations in these parameters, random assignments of possible ages should not produce, on average, significantly different means across the tree space (Siddall, 1997) . To display the results obtained in these analyses, mean values were codified in a gradual scale ranging from green (index value equal to 0) to blue (index value equal to 1). The amount of color shifts within each tree space represent the sensitivity of an index to tree shape and number of ages. Color shift among the three different tree spaces of 8, 16 and 32 taxa represent the sensitivity of an index to the number of taxa.
Monte Carlo randomization procedures and imbalance ranking was implemented using the macro language of Nona ver. 1.9 (Goloboff, 1993 20 ) and the calculation of the SCI, GER and MSM* was derived using the free software package Ghosts 2.4 (Wills, 1999 ; available at http://paleo.gly.bris.ac.uk/cladestrat/Gho2.html).
In addition to a general sensitivity analysis, other randomization procedures were implemented to highlight the particular behavior of these measures in a more detailed analysis of the influence of tree shape. These procedures were implemented using the macro language of Nona (Goloboff, 1993 21,22 21,22 ) and SPA (Goloboff, 1996 21,22 21,22 ). A calculation of indices was implemented using macro files for these programs available at <http://research. amnh.org/$dpol/strat.html>.
Results
Because our results are based on randomly assigned data (where ages are distributed randomly across taxa) and hence lack any definitive structure, it would be inappropriate for a measure to yield high values (indicating a tight congruence between stratigraphy and phylogeny) with these data. However, here we are unconcerned with how well a given data set performs, what is of concern is how differently these methods perform under different parameter sets. In these analyses we found that all measures display some sensitivity to parameter variation; however, each behaves in different ways.
SCI
The SCI is the index which is most sensitive to variations in tree shape and the number of possible ages in the randomizations we carried out (Fig. 3) . For the three explored tree sizes, mean SCI values of a random assignment of ages decrease with the number of possible ages, corroborating the results of Siddall (1997) . Wagner and Sidor (2000) showed a similar relationship in a simulation study. This trend is observed in all analyzed tree shapes, although it was most apparent in pectinate trees with many taxa. Interestingly, in these randomizations mean SCI values decreased consistently with tree imbalance, in contrast to previous reports (Siddall, 1997) . Tree shape sensitivity was slightly greater in larger trees. Finally, the previously expected decrease in mean SCI values for increasing number of taxa only occurs in highly imbalanced trees (Figs 3 and 4) .
GER
The GER values in these randomizations were also found to be sensitive to the explored parameters, though their pattern was very different from that of SCI. The main difference related to their sensitivity to the number of different ages among terminal taxa. Here, GER mean values increased with increasing numbers of ages, in Tree Balance contrast to the decreasing pattern present in SCI values (Fig. 3) . Additionally, this trend in mean GER values was more apparent in balanced trees with smaller numbers of taxa (Fig. 4) . In our results, the tree shape effect seems to be present across the range of parameter values analyzed here, favoring mean GER values on balanced trees. This difference seems to be greater in larger trees (Fig. 4) . As was the case with SCI, larger pectinate trees consistently depicted lower mean GER values, while larger balanced trees had only slightly lower GER values.
MSM*
In relation to the parameters under investigation, MSM* behaved most appropriately in relation to unstructured data. Where it showed a slight bias in these randomizations, the MSM* seemed to be affected by tree shape and number of ages in the same way as GER but not nearly to the same degree. This is not surprising, since both are based on a calculation of the number and extent of ghost lineages. Notably, within the range of this randomization analysis, the MSM* was less sensitive to tree shape and to the number of possible ages than was GER (Fig. 3) . Except for the pattern seen in small trees (eight taxa), there were minor differences in mean MSM* values when both tree shape and number of ages were varied (Figs 3 and 4) . Mean MSM* values quickly decreased with increasing tree size (i.e. number of taxa), as was expected with random data (Siddall, 1998) . This trend was present across all tree shapes and all possible number of ages (Fig. 4) . However, in large taxon cases, the variations found in the MSM* parameter spaces were very small.
Discussion
As stated above, these indices are mainly used in two different contexts: the comparison of stratigraphic fit of trees with different sets of taxa, and the evaluation of stratigraphic conflict among competing phylogenetic hypothesis of a given dataset.
Comparing trees of different taxa
These comparisons between tress of different sets of taxa have been made in order to test specific hypotheses regarding the fossil record. Some studies have tested whether there is an overall general congruence between stratigraphic and phylogenetic data or if the stratigraphic fit varies between different groups of organisms Hitchin, 1996, 1997) . Others have tested if the fossil record of more recent geological periods is significantly better than that of older geological periods (e.g. Benton et al., 2000) , or if marine fossils tend to have a better stratigraphic fit than terrestrial fossils (e.g. Benton and Hitchin, 1996; Benton and Simms, 1995) , or if trees derived from morphology, fit the stratigraphic record better than those based on molecular data (Benton, 1998) , or whether the addition of newly discovered taxa increased the congruence between stratigraphic and phylogenetic data Storrs, 1994, 1996; Benton, 2001; Weishampel, 1996) . In these studies, cladograms can have different tree shapes, number of taxa, and number of different ages of first appearance. Thus, if raw index values are intended to be used for this purpose, we would ideally need a measure that is insensitive to at least these three parameters, as we would be interested in measuring differences in stratigraphic fit rather than differences in tree size, shape or distribution of fossils in geological time (or other parameters; see Wagner and Sidor, 2000) .
Our randomization results show that none of the available measures is totally insensitive to some of the explored parameters. These problems are analogous to those noted in homoplasy measures (Farris, 1989; Klassen et al., 1991; Meier et al., 1991; Sanderson and Donoghue, 1989) . Furthermore, it seems that in the case of stratigraphic indices, most of these measures cannot control even one of these three parameters (Figs 3 and 4) . Thus, our results suggest that comparisons of raw values of these indices are not appropriate for trees differing in tree size, shape, or distribution of ages since these parameters markedly affect their distributions. However, comparisons of raw values are commonly found in the literature (Benton and Hitchin, 1996 ; but see Benton et al., 1999) . If these sorts of studies were conducted, large samples of cladograms may still be compared if they have, on average, a similar number of taxa and tree shape (e.g. Benton et al., 2000) . This might alleviate the biasing factors explored here, although these comparisons can still be affected by other parameters (Wagner and Sidor, 2000) .
The observed influence of number of taxa for measures of raw amount of conflict (i.e. MSM*) is expected in the face of random distribution of ages, since meaningless information is progressively introduced as the number of taxa increases. However, the magnitude of a statistic (the amount of conflict in this case) and its significance should not be confounded (Siddall, 1998) .
Several authors have proposed a randomization procedure analogous to that of the PTP (Archie, 1989; Faith and Cranston, 1991) to obtain significance values for stratigraphic fit measures. In contrast to raw index values, these are directly comparable among trees of different sizes, shapes, and with different age distributions (Huelsenbeck, 1994; Siddall, 1998; Wills, 1999) . The aim of this test was simply to determine if the congruence implied by a given tree was significantly different from a random distribution of ages across taxa, rather than if it differed from a realistic biological expectation (Wills, 1999) . Holding possible influential parameters constant, such as tree size, shape, and distribution of ages, the significance test intends to yield comparable results for different types of data. Using the P-value of a given measure might be a possible solution for studies comparing trees of different sets of taxa (Benton et al., 1999; Wills, 1999) . However, the results of such comparisons clearly do not indicate which group has a better stratigraphic fit (in absolute values or according to some evolution- ary ⁄ preservational expectation), but rather, which group has a stratigraphic fit most different from a random distribution of ages. A final caveat of comparisons of P-values is that the three parameters held constant in this test are not the only possible factors that could affect these indices (see Wagner, 2000 and Sidor, 2000 for an analysis of the effect on SCI of other parameters that commonly vary among datasets).
Comparing competing trees
These measures can also be used for comparing the stratigraphic fit of alternative phylogenetic trees of the same taxonomic group as a descriptive statistic (e.g. Norell, 2000, 2001) , or as an optimality criterion (Huelsenbeck, 1994) . Despite the divergent philosophical perspectives of these approaches, if raw index values were used for any of these purposes, we would need a measure that was only insensitive to tree shape (since the two other parameters remain fixed in alternative phylogenetic trees of a particular taxonomic group). It is therefore particularly important to know the extent and cause of tree shape sensitivity on a given measure before using it for direct comparisons of competing phylogenetic trees (as a descriptive statistic and especially as an optimality criterion). A more detailed examination of the tree shape effect is given here for each of the three measures.
SCI and tree shape. This measure was thought to favor pectinate trees (Siddall, 1996 (Siddall, , 1997 Hitchin and Benton, 1997b) . The results presented here, however, indicate that mean SCI values of random distributions are lower for pectinate trees than for balanced trees (Figs 3 and 4) . Previous authors correctly suggested that when each terminal taxon has a different age of first appearance, only pectinate trees can reach SCI values of 1, while fully balanced trees will always yield SCI values of 0.5 (Siddall, 1996; Wills, 1999; Wagner and Sidor, 2000) . However, under these conditions, certain pectinate trees can also reach SCI values of 0 (Wills, 1999) . Therefore, although it seems clear that the maximum SCI is constrained by the topology, the open question is whether the SCI is bound to be higher in pectinate trees? To explore this, the distribution of SCI values for all possible fully pectinate and fully balanced trees was calculated for two eight-taxon trees. These distributions depend upon the number of taxa and the particular distribution of ages across taxa (i.e. number of ages and proportion of taxa with equal age of first appearance). In Fig. 5 , the distribution of SCI values are given for fully pectinate and balanced topologies of eight taxa with two different distributions of ages. It is evident from these histograms that most pectinate trees have lower SCI values than most balanced trees (Fig. 5 ), in accordance with expectations provided by previous authors (Siddall, 1996 (Siddall, , 1997 Wagner, 1998 23 ; Wills, 1999) . Minimal SCI values will always be lower in pectinate topologies (except for the trivial case in which all taxa have the same stratigraphic age; SCI ¼ 1 for every possible tree). The number of taxa and the distribution of ages determine the specific values of these minima. In general, depending on the distribution of ages, the minimum SCI values of balanced topologies will vary between 0.5 and 1 (contra Benton et al., 2000) , while pectinate topologies will vary between 0 and 1. Maximum SCI values, instead, will vary between 0.5 and 1 for balanced trees, and will always be 1 for pectinate trees.
MSM*, GER, and tree shape. GER is more sensitive to tree shape than MSM* under the explored conditions in the randomizations (Figs 3 and 4) , even though both measures are based on the same marker of conflict (the length of the age character (L 0 ) that measures the extension of ghost lineages). MSM* depends on two parameters (L m and L 0 ) while GER depends on three parameters (L M , L m , and L 0 ). Since L M (i.e. g) and L m (i.e. m) are topology independent, L 0 (i.e. s) must be the parameter sensitive to variations in tree shape. Therefore, both MSM* and GER should be affected by the tree shape sensitivity of L 0 . To understand the difference in sensitivity of MSM* and GER to variations in tree shape, we analyzed the frequency distribution of L 0 values for balanced and pectinate trees in random assignments of ages across taxa. This is shown in Fig. 6 , for fully pectinate and balanced trees of 32 taxa (for two different numbers of possible ages). The results clearly indicate that, irrespective of the number of states in the age character, L 0 has a strikingly different distribution for pectinate and balanced trees (Fig. 6) .
If the distributions of L 0 are so drastically influenced by tree shape, why is MSM* unaffected while GER is so sensitive to tree shape? Considering the range and mean L 0 for each tree shape distribution obtained in the randomizations, it is evident that the reason for the difference in sensitivity between MSM* and GER is a scaling artifact.
GER decreases linearly with L 0 , therefore a given difference in length will have the same effect in GER values irrespective of the magnitude of those lengths (Fig. 7) . In contrast, MSM* follows a concave-up decreasing function. Here, a given difference in length will drastically influence MSM* values for relatively small L 0 values, but it will only slightly affect MSM* values if the L 0 are large enough (Fig. 7) . In the random distributions analyzed here, the range and mean of L 0 is indeed very different for pectinate and balanced trees. However, L 0 values are usually large and differences between mean L 0 values for pectinate and balanced trees are not as evident in MSM* as in GER values (Fig. 7) . It is therefore expected that GER distributions are different for pectinate and balanced topologies, reflecting the distribution of L 0 , while the two MSM* distributions are similar, only slightly favoring balanced trees (Fig. 8) .
It must be noted that the influence of tree shape on distributions of character length for random assignments of states is a particular property of irreversible characters. In reversible characters, the length distributions in pectinate and balanced trees do not differ (Fig. 9) , and as far as we have tested, this equality holds, irrespective of the number of states and transformation costs among character states.
In summary, it is clear that any measure based on L 0 will be sensitive to the tree shape parameter. Further- more, in some cases (e.g. when each taxon has a different age), L 0 cannot reach either the L m or L M on a balanced tree. Therefore, minimum and maximum values of GER and MSM* will not be attainable for balanced trees but they will for pectinate trees. In such cases the discriminatory power of both MSM* and GER for balanced trees will be lower than for pectinate trees, although this difference would not be as drastic as in the SCI.
Summary of tree shape and conflict. It is clear that tree shape has an effect on all of the analyzed measures of stratigraphic fit. Both the frequency distribution and the possible range of variation of a given measure are determined by tree shape. In general, tree balance reduces the range of possible values and therefore reduces the discriminatory power of all measures. This effect is most noticeable in SCI, which shows no discriminatory power for balanced trees under some conditions (Fig. 5) .
The difference in behavior of these measures certainly flows from the fact that comparisons between stratigraphic data and phylogenetic trees measure the conflict between two different patterns of signal. One of them, stratigraphy, is necessarily linear, while phylogeny is hierarchical, with nodes arranged in a variety of hierarchical structures (i.e. tree shape). Therefore, we should not expect stratigraphic data to identically fit all kinds of tree shapes (at least as measured by these metrics).
If amount of conflict is the focus of interest, it would be advisable to compare competing trees with MSM* or GER (since they seem to be much less affected by tree shape than SCI and they consider the temporal magnitude of the conflict), although we should be aware that pectinate trees are potentially more suitable for minimizing the conflict. This does not mean that a given measure will always prefer a more asymmetrical tree. However, if the conflict is the minimum allowed by the topology, all of these measures will favor the pectinate topology under most conditions. The use of a significance test for comparisons of conflict between competing trees would not be advisable since it could favor a tree that implies a greater amount of conflict (measured by L 0 or number of consistent nodes) than a less conflictive tree, just because the nodes of the first one are nonlinearly arranged (e.g. balanced tree shape). This is most evident in the case shown in Fig. 5 , in which the SCI of all balanced trees are not significantly different from random. 
Conclusions
Our results show that the three analyzed measures have different properties and behave differently with variation in tree size, tree shape, and number of possible ages. Although SCI and GER are more sensitive to these parameters, all three measures show variation and therefore the use of their raw values should not be used for comparing the stratigraphic fit of different taxonomic groups (if they differ in these parameters).
Regarding their use for comparing the stratigraphic fit of competing phylogenetic trees of the same group, we show that these measures can have different minima, maxima, and discriminatory power for different topological shapes. Therefore, it is not expected that the stratigraphic data would have the potential to identically fit all kinds of tree shapes. In general, SCI seems to be much more affected by these problems than GER and MSM*. Differences between the GER and MSM* are based on how they scale the same marker of conflict (i.e. the sum of ghost lineages).
Accepting or correcting the effects of these parameters depends on what are we interested in measuring. Measures that consider just the amount of conflict seem to be unavoidably constrained by tree shape. Modifications of these measures that control the effect of tree shape are possible, although the resulting measures would not be focused on the amount of conflict. Finally, regarding the use of a significance test of these measures, we underscore the drastic difference of the question being asked (see above) and the interpretation of obtained results.
